We inspected 97 specimens of bat flies of the family Nycteribiidae parasitizing wild bats in Japan. Bat flies representing 8 species of 4 genera (Basilia spp., Nycteribia spp., Penicillidia spp. and Phthiridium sp.) were obtained from bats representing 11 species of 5 genera (Barbastella sp., Miniopterus spp., Myotis spp., Plecotus sp. and Rhinolophus spp.). We also surveyed past reports on bat flies in Japan wherein host bat species and number of insects collected from them are explicitly recorded. On the basis of these data, we identified 3 bat flies primarily associated with a single host bat, and 4 bat flies associated with 2 congenic host bats. Only 1 species, B. truncata endoi, was associated with 4 bat species representing 3 genera, although these bats were placed in a well-defined clade in the bat phylogeny. Hence, the nycteribiid bat flies generally exhibit di#erent levels of specificity to their host bats, which may be species-specific, genus-specific or genus-group-specific. Meanwhile, when the molecular phylogeny of the bat flies was compared with that of the host bats, no co-speciating pattern was observed, suggesting that host shifts must have occurred at a considerable frequency in the evolutionary course of the bat flies.
ICIGD9J8I>DC
Bat flies of the family Nycteribiidae (Insecta: Diptera) are obligate ectoparasites of bats with strikingly specialized morphological traits, including lack of wings, reduced head and eyes, dorsoventrally-flattened thorax, dorsallyinserted legs, spider-like appearance due to these morphologies, and adenotrophic viviparity with a highly-developed uterus and milk glands (Lehane, 2005; Dick and Patterson, 2006) . The sole food source of the insects is the blood of host bats. Although wild bats are known as reservoir of zoonotic viruses, including rabies virus (Calisher et al., 2006) , there has been no report of nycteribiid bat flies that transmit human diseases (Lehane, 2005) .
The flightless ectoparasites spend almost all of their life in the fur of their host, leaving the host only for brief periods in order to a$x a puparium to the wall or ceiling of the bat roost (Lehane, 2005; Dick and Patterson, 2006) . On account of the lifestyle, co-speciating patterns may be expected between the parasites and their hosts (Wenzel and Tipton, 1966; Patterson et al., 1998; Patterson, 2006, 2007) . In order to gain insights into the host-parasite co-evolutionary patterns in the Nycteribiidae, we conducted molecular phylogenetic analyses of Japanese nycteribiid bat flies and their host bats on the basis of their mitochondrial gene se- quences.
M6I:G>6AH 6C9 M:I=D9H
Insect materials: Nycteribiid bat flies were collected by bat ecologists in their field surveys and provided for this study (Table 1) . The samples were preserved in acetone upon collection (Fukatsu, 1999) . All the samples were subjected to morphological inspection under a light microscope. Some of the samples were subjected to DNA extraction using the QIAamp tissue mini kit (QIAGEN).
DNA sequencing: A 0.7 kb region of mitochondrial cytochrome oxidase I gene was amplified from the DNA samples by PCR with primers LCO1490 (5ῌ-GGT CAA CAA ATC ATA AAG ATA TTG G-3ῌ) and HCO2198 (5ῌ-TAA ACT TCA GGG TGA CCA AAA AAT CA-3ῌ) under a temperature profile of 95ῌ for 10 min followed by 35 cycles of 95ῌ for 30 sec, 48ῌ for 1 min and 72ῌ for 2 min (Folmer et al., 1994) . A 1.6 kb region of mitochondrial 16S rRNA gene was amplified from the DNA samples by PCR with primers MtrA1 (5ῌ-AAW AAA CTA GGA TTA GAT ACC CTA-3ῌ) and MtrB1 (5ῌ-TCT TAA TYC AAC ATC GAG GTC GCA A-3ῌ) under a temperature profile of 95ῌ for 10 min followed by 35 cycles of 95ῌ for 30 sec, 55ῌ for 1 min and 72ῌ for 2 min (Fukatsu et al., 2001 ). The PCR products were subjected to direct DNA sequencing using 3130xl Genetic Analyzer (Applied Biosystems).
Molecular phylogenetic analysis:
Multiple alignments of the nucleotide sequences were generated using the program Clustal W (Thompson et al., 1994) . The final alignment was inspected and corrected manually. Ambiguously aligned regions were excluded from the phylogenetic analysis. Nucleotide sites that included an alignment gap (s) were also omitted from the aligned data set. Phylogenetic analyses were conducted by neighbor-joining, maximum parsimony and maximum likelihood methods using the programs Clustal W (Thompson et al., 1994) , PAUP 4.0b10 (Swo#ord, 2001) and Phyml (Guindon and Gascuel, 2003) , respectively. Bootstrap tests were performed with 100 resamplings. All aligned nucleotide sites of concatenated sequences of mitochondrial cytochrome oxidase I gene and 16S rRNA gene were subjected to the phylogenetic analyses of the bat flies, whereas 1 st and 2 nd codon positions of aligned nucleotide sites of mitochondrial ND1 gene were used for the phylogenetic analyses of the host bats.
R:HJAIH 6C9 D>H8JHH>DC
Japanese nycteribiid bat flies and their host bats: We inspected 97 specimens of nycteribiid bat flies collected from wild bats in Japan. In total, 8 species of bat flies representing 4 genera (Basilia spp. Nycteribia spp., Penicillidia spp. and Phthiridium sp.) were obtained from 11 species of bats representing 5 genera (Barbastella sp., Miniopterus spp., Myotis spp., Plecotus sp. and Rhinolophus spp.) (Table 1) .
Of the 8 bat fly species, 4 species were associated with a single host bat species: B. rybini japonica Theodor with My. daubentonii; N. pygmaea (Kishida) with My. macrodactylus; Pe. jenynsii (Westwood) with Mi. fuliginosus; and Ph. hindlei (Scott) with R. ferrumequinum. Penicillidia. monoceros Speiser was associated with two congenic bat species My. macrodactylus and My. daubentonii.
Nycteribia. allotopa mikado Maa was obtained from three bat species Mi. fuliginosus, Mi. fuscus and R. pumilus. However, in the bat colonies at Okinawa, Japan, where N. allotopa mikado was obtained from R. pumilus, Mi. fuscus and R. pumilus densely co-roosted (Hajime Yoshino, personal communication). Hence, the association of N. allotopa mikado with R. pumilus may be accidental. We identified 1 bat fly species, N. pleuralis Maa, associated with four congenic host bat species, My. macrodactylus, My. daubentonii, My. nattereri and My. mystacinus. Finally, we found 1 bat fly species, B. truncata endoi Mogi, associated with bats of di#erent genera, B. leucomelas, My. ikonnikovi, My. mystacinus and P. auritus (Table 1) .
In addition to our own data described above, we surveyed past reports on Japanese bat flies wherein host bat species and number of insects collected from them are explicitly recorded. Table 2 summarizes the host bat records for the Japanese nycteribiid bat flies available to date: B. truncate endoi from 5 bat species, of which multiple insects were collected from 4 species; B. rybini japonica from 4 bat species, all of which involved multiple insect records; N. allotopa mikado from 5 bat species, of which 2 species accounted for most of the records; N. pygmaea from 5 bat species, of which only 1 species represented most of the records; N. pleuralis from 8 bat species, of which 2 species accounted for most of the records; Pe. jenynsii from 5 bat species, of which only 1 species was responsible for most of the records; Pe. monoceros from 7 bat species, of which 2 species presented the majority of the records; and Ph. hindlei from 2 bat species, of which only 1 species accounted for substantially all the records.
Associations between the bat flies and their host bats: On the basis of these data, we identified the following bat species as the primary hosts of the bat flies: My. ikonnikovi, My. mystacinus, B. leucomelas and P. auritus for B. truncata endoi; My. daubentonii, My. frater, My. nattereri and My. pruinosus for B. rybini japonica; Mi. fuliginosus and Mi. fuscus for N. allotopa mikado; My. macrodactylus for N. pygmaea; My. daubentonii and My. nattereri for N. pleuralis; Mi. fuliginosus for Pe. jenynsii; My. daubentonii and My. macrodactylus for Pe. monoceros; and R. ferrumequinum for Ph. hindlei. Here, the other host bat records were tentatively regarded as secondary or auxiliary hosts, although future surveys would reveal that some of them are actually to be regarded as primary hosts.
Comparison of the bat fly phylogeny with the host bat phylogeny: We constructed a molecular phylogeny of the Japanese nycteribiid bat flies on the basis of mitochondrial cytochrome oxidase I gene and 16S rRNA gene sequences (Fig. 1A) . We also retrieved mitochondrial ND1 gene sequences of the bats from the DNA databases, and constructed a molecular phylogeny of the host bat species (Fig. 1B) . It was evident that the bat fly phylogeny does not mirror the host bat phylogeny at all. This pattern strongly suggests that host shifts must have occurred in the evolutionary course of the bat flies.
On specificity of the parasite-host associations: Of 8 bat fly species examined in this study, 3 species were associated with a single host bat, and 4 species were associated with 2 congenic host bats. Exceptionally, 1 species, B. truncata endoi, was obtained from 4 bat species representing 3 genera. However, the molecular phylogenetic analysis revealed that these bat species, B. leucomelas, My. ikonnikovi, My. mystacinus and P. auritus, are placed in a well-supported clade in the bat phylogeny (Fig. 1B) . Therefore, we conclude that the Japanese nycteribiid bat flies generally exhibit di#erent levels of specificity to their host bats, which may be species-specific, genus-specific or genus-group-specific. In Malaysia, it was reported that 72ῌ streblid bat flies and 64ῌ of nycteribiid bat flies were recorded from a single host bat species, with additional bat flies restricted to sets of congenic host bat species (Marshall, 1980) . At present, biological basis of the parasitehost specificity is poorly understood, but ecological, physiological, immunological and historical factors must have been involved (Combes, 1991; Patterson, 2006, 2007) . On promiscuity of the parasite-host associations: Despite the certain levels of hostparasite specificity observed in the nycteribiid bat flies, the bat fly phylogeny does not reflect the host bat phylogeny at all. These patterns strongly suggest that the host-parasite specificity may be maintained in a relatively short, or ecological, time scale, whereas host shifts have repeatedly occurred in a longer, or evolutionary, time scale. In flightless nycteribiid bat flies, host shifts are likely to occur at host bat roosts where multiple bat species form dense colonies. In this study, although N. allotopa mikado is normally associated with Mi. fuliginosus and Mi. fuscus, we exceptionally recorded N. allotopa mikado from R. pumilus at bat colonies wherein Mi. fuscus and R. pumilus co-roosted (Table 1) , exemplifying occurrences of occasional host shift in natural bat colonies. In Malaysia, a nycteribiid bat fly Basilia hispida Theodor was reported to associate with two bat species Tylonyctis pachypus and T. robustula, utilizing the former as the primary host and the latter as a secondary host (Marshall, 1971) .
Contrasting co-evolutionary patterns between ectoparasitic and endosymbiotic associations with bat flies: Recently, Hosokawa et al. (in press) identified an endocellular bacterial symbiont obligatorily associated with nycteribiid bat flies, and proposed the designation "Candidatus Aschnera chinzeii" for the endosymbiont. Molecular phylogenetic analysis revealed that the bat fly phylogeny is perfectly congruent with the endosymbiont phylogeny (Hosokawa et al., in press) , which is in sharp contrast to the promiscuous pattern observed with their host bats (Fig. 1) . These di#erences are obviously attributable to the di#erent levels of interdependency and integration of the partners in the endosymbiotic association and the ectoparasitic association. 
